OBJECTIVES: Endovascular repair of traumatic injury of the aortic isthmus is a safe technique that has shown good short-term results. However, the future of these stent grafts remains unexamined, especially in relation to young patients.
INTRODUCTION
Traumatic injury of the aortic isthmus is a serious lesion occurring primarily in a context of multiple traumas associated with lesions that can all individually threaten a patient's life [1] . The complexity of the injury and the haemodynamic precariousness of these patients complicate medical care. Endovascular aortic stent grafts have quickly found their place in this indication as they make the treatment of these patients easier [2] . Many teams including ours [3, 4] have also published their results which show a lower mortality rate compared with open surgical repair, decreased morbidity and especially a lower rate of medullar ischaemia. Recent publications provided data on the long-term outcomes and durability of aortic stent grafts in this population [5, 6] . But more results are needed and questions persist on the long-term results of these aortic endografts, in particular for younger patients with aortic diameters that are smaller than the aortic diameter of patients with aneurysms usually treated by endovascular repair. This study is one of the largest single-centre cohorts of patients with traumatic aortic injury treated by endograft. The aim of this study is to report the long-term outcomes of patients with traumatic aortic injury treated by endograft.
MATERIALS AND METHODS
We collected data concerning patients presenting with trauma and traumatic aortic injury. We retrospectively reviewed prospective data that were collected on patients admitted to our institution for traumatic injury of the aortic isthmus, between January 2000 and December 2014. This study received the †Presented at the 68th Annual Meeting of the French Society of Cardiothoracic and Vascular Surgery, Marseille, France, 10-13 June 2015. approval of the local ethics committee. Management and followup was performed according to the standard of care [7] .
On admission, after clinical evaluation by the medical and surgical team, patients had a whole-body computed tomography (CT) scan with intravenous contrast if their haemodynamic status so allowed (diagnosis confirmation, measurement of aortic diameter and further assessment of the lesion). Aortic segments studied are defined as following: segment 1 from the sinotubular junction to the proximal brachiocephalic artery, segment 2 from the proximal brachiocephalic artery to the distal left subclavian artery (LSA) and segment 3 from the distal LSA to the aorta at the level of the diaphragmatic hiatus. The traumatic aortic lesion was analysed according to the classification described by Azizzadeh et al. [8] . In case of haemodynamic instability and a high suspicion of isthmic injury, patients were transferred directly to the angiography room for diagnosis and therapeutic care.
Once the diagnosis of aortic injury of the isthmus was confirmed, a mixed surgical and radiological team first performed endovascular repair of the aortic lesion. Targeted systolic blood pressure before treatment was < _120 mmHg. Because of a frequent bleeding state, systemic heparin was not used. Patients were placed under general anaesthesia and one of their femoral arteries was surgically exposed. A graduated pigtail catheter (Boston Scientific) was inserted in the ascending aorta through the left humeral artery for angiographic control and to mark out the LSA ostium as previously described [3] . If the distance between the lesion and the distal LSA ostium was <1 cm, the LSA was covered with the stent graft. If the distance between the lesion and the distal LSA ostium was >1 cm, the LSA was not covered with the stent graft.
Endografts used were nitinol self-expandable devices, Excluder V R (W.L. Gore and Associates, Flagstaff, AZ, USA) for 5 patients, and Talent V R or Valiant V R (Medtronic, Santa Rosa, CA, USA) for, respectively, for 17 and 38 patients. The stent graft was oversized by 10-20%. In case of an endoleak, the endograft was moulded with a compliant balloon. After endovascular repair, patients were given antiplatelet treatment (aspirin 160 mg/day) after post-traumatic bleeding was controlled. The duration of antiplatelet treatment was 1 year.
A follow-up CT-scan was performed after 1 week and after 3, 6 and 12 months, and then on a yearly basis. A clinical follow-up was also performed during these follow-up CT-scan appointments (clinical examination, blood pressure measurement on both arms). Patients who had left our region were contacted again by phone and imaging examinations performed outside our centre were viewed and analysed. Patients who were lost to follow-up were contacted by phone and clinical evaluation questionnaires were sent to referring physicians.
Results are expressed in mean ± standard deviation [extremes] or numbers (percentage). Quantitative data were compared by the Wilcoxon test. The significance threshold was set for a P-value <0.05. Statistics were performed using R software (3.1.0).
RESULTS
Of the 63 patients admitted for traumatic injury of the aortic isthmus, 3 died in the hospital before endovascular treatment and were not included. A total of 60 patients underwent endovascular stent graft repair. General characteristics are described in Table 1 .
In our cohort, road accidents represent more than half of the aetiologies (56.7%), followed by accidental or deliberate falls (23.3%) and mountain accidents (11.7%). The severity degree of patients is specified in Table 2 . All patients treated for traumatic aortic injury suffered from multiple traumas. We did not find any isolated traumatic aorta injury. The most frequently associated lesions were brain injuries followed by bone fractures and abdominal injuries (liver, spleen or mesentery). Among the patients with brain injuries, 19% had severe brain trauma with a Glasgow score <7 initially. Furthermore, although the aortic lesion was treated as a priority, we performed a total of 9 non-aortic surgeries before endovascular repair in 7 patients. In fact, 1 of these patients also received three interventions before aortic endovascular repair. These involved life-threatening injuries (visceral haemorrhage in 5 cases), or the functional prognosis of a limb in Early results of aortic stent graft repair are specified in Table 3 . The median time between the accident and the endovascular treatment was 6 h. Of the entire cohort, only 3 patients were treated beyond 7 days: 1 showed a Grade 3 aortic lesion monitored initially because of a severe coma and the aortic lesion was treated on Day 44. The second had a dissecting haematoma, which was initially monitored. It became progressive on imaging control and was treated on Day 39. The last patient showed a Grade 1 lesion that was medically treated at first and a stent graft was placed later because of an increase in diameter observed on the CT-scan at 6 months. Note that Grade 3 aortic lesions are the most frequently found in our series. Only 1 patient had a Grade 4 aortic lesion and presented with severe brain and liver damage. This patient was haemodynamically unstable and required a transfusion of 18 packed red blood cells. Quick endovascular repair controlled his haemorrhagic state. Unfortunately, the patient died of head injuries.
The endovascular procedure was a technical success in all patients and there was no surgical conversion. Mean diameter of stent grafts was 26.5 mm ± 3.5 [22; 34] (median = 26 mm). We had no evidence of neurological or vascular complication. Complete coverage of the LSA was required in <30% of the cases without acute ischaemia or emergency revascularization of the left arm. There were 5 patients with minimal type 1 endoleaks at discharge. Follow-up showed regression of these endoleaks on CTscans without any treatment and only 1 of these showed a persistent type 1 endoleak after 1 year.
Hospital mortality was 13.3%, i.e. 8 patients. Half of these patients died from brain injury (brain death in 4 patients). Two (2) died in a context of uncontrolled haemorrhagic shock (splenic bleeding and cardiac arrest and resuscitation before stent graft treatment for one), 1 died in a context of multiple organ failure and the last one died from septic shock in a context of gastrointestinal ischaemia (mesenteric tear). Except for the patient who had a cardiac arrest, all the other patients had their aortic lesion controlled and there was no death directly related to the aortic stent graft.
Long-term results are described in Table 4 . Mean clinical follow-up was 5 years with a maximum follow-up of 14 years (minimum 1 year) and median follow-up was 4 years. Mean radiographic follow-up was 4 years with a maximum of 14 years and median radiographic follow-up was 3 years. There were 16 patients whose age at the time of treatment was <30 years (26.7% of the cohort). Mean follow-up in this sub-group was 4 years with a maximum follow-up of 9.5 years. In addition, the youngest patient was 17 years old at the time of the accident. Follow-up for this patient is now more than 8 years. More than half of the patients lost to follow-up were in this sub-group (5 patients).
A total of 9 patients were lost to follow-up. Among these patients, 2 were foreign patients from whom we have had no news since repatriation. Three patients died in the follow-up period. There was no autopsy but causes of death were clearly identified by questioning family or the patient's general practitioner. The first one died 2 years after stent graft repair (75 years old). The patient had had severe brain trauma 10 years before and suffered from neurological after-effects. In addition, he suffered from chronic alcoholism. The cause of death was related to recurrent falls in the context of these neurological after-effects and chronic alcoholism. In this case, a stent graft did not cover the LSA. The second patient died 9 years after stent graft repair (88 years old). The cause of death was unknown but no aortic event was reported. The LSA was partially covered by a stent graft and was permeable on CT-scan control. The last patient suffered from severe depression and aortic trauma occurred in a context of a deliberate fall. This patient died 4 years after stent graft repair (62 years old). The cause of death was suicide. No secondary event related to the aorta or any neurological or ischaemic event related to the aortic stent graft was noted. We did not note any stent graft failure or collapse. However, 1 patient showed a minimal thrombus at the distal portion of the stent graft. This patient prematurely discontinued antiplatelet therapy. The thrombus was medically treated with oral anticoagulants. Monitoring by imaging showed a stable thrombus.
We noted the occurrence of systemic arterial hypertension shortly after endograft repair in 7 patients (5 male/2 female). The In addition, we compared the diameters of anatomical aortic segments 1-3 (downstream to the stent graft) between preoperative imaging (when preoperative or immediate postoperative imaging was available) and the later imaging conducted as a part of follow-up. We did not find any significant increase in the diameters of segments 1 and 3. In comparison, there was a significant increase in the segment 2 diameters (25.6 vs 27.2 mm ± 3, P = 0.019).
A Kaplan-Meier survival analysis of patients treated with endovascular stent graft for aortic injury of the isthmus is presented in Fig. 1 . Survival was 86.5% at 1 year, 81.6% at 5 years and 75.3% 10 years after trauma.
DISCUSSION
The demographic and general characteristics of our cohort are comparable with other selected series in a recent meta-analysis [9] . The severity of associated injuries, especially brain damage, and the natural history of traumatic aortic injury with a risk of spontaneous rupture (2% [10] -87.5% [11] ) led us to quickly proceed with endovascular repair. Of course, medical treatment of traumatic aortic injury is fundamental and based on control of both blood pressure (target <120 mmHg systolic blood pressure [9] or <80 mmHg average blood pressure [7] ) and heart rate [12] . Indeed, medical treatment has reduced the rate of spontaneous rupture of the aorta [11, 13] . Even if some authors found it beneficial to delay aortic injury treatment [10, 14] , or to have a conservative attitude towards traumatic aortic lesion [12, 13] , their data showed that death rate by spontaneous rupture is not equal to zero. In our opinion, even if it is a small risk, it is hardly acceptable especially since it is often a young population. For example, Caffarelli et al. [12] or Paul et al. [13] were in favour of conservative treatment for traumatic aortic lesion. But their data concerned only few patients with small aortic lesion or patients with a low rate of brain damage. In the specific case of brain damage, low systolic blood pressure may worsen brain lesion. Even if they had good results with conservative treatment, there were no clinical or radiological criteria allowing them to affirm which patient should benefit from this conservative treatment or not.
Another argument in favour of early treatment of aortic injury is the deleterious role of hypotension on cerebral perfusion pressure in patients with severe traumatic brain injury [15] [16] [17] . Faster endovascular repair allows the adaptation of the mean arterial pressure, the use of vasopressors and loading necessary to maintain good systemic perfusion and sufficient cerebral perfusion pressure to avoid spontaneous rupture of the aorta.
Based on our previous results that compare endovascular and surgical treatment [3] we have been treating all patients with aortic injury of the isthmus by stent graft repair since the early 2000s. Mortality in our series was significantly lower than the reported mortality (33%) in recent rounds of surgical treatment [18] . Simple installation in supine position, fast stent graft repair and the possible absence of any anticoagulant therapy can treat the majority of multiple trauma patients with stent graft.
The trend to use this technique was controversial because of the lack of data on long-term outcomes of aortic stent grafts, especially for young patients with aortic diameters smaller than those of the patients usually treated for aneurysmal pathologies [19] . In addition, traumatic injury of the aorta is rare (47/7112 chest trauma in 5 years 0.66% [13] ) and publications are mostly small single-centre series, retrospective views from which it is difficult to draw formal conclusions. For instance, in a meta-analysis of 139 studies [9] , the median sample size was 15 patients and the median follow-up 2 years. Despite the scarceness of longterm data, some teams have recently published good encouraging long-term results of endovascular repair of aortic transection [2, 20] . These data reinforce our strategy to treat aortic transection with endografts, even in young patients.
Another argument against aortic stent graft is the risk of radiation exposure with CT-scan follow-up, in particular in young patients. But angio resonance magnetic imaging is an alternative to decrease radiation exposure. In that case, a chest X-ray is needed to control the stent graft and aortic diameter is measured with resonance magnetic imaging.
Regarding the management of LSA revascularization in case of complete coverage of the LSA in acute endovascular repair, recommendations suggest an individual decision according to the patient's clinical status [21] . We have never performed LSA revascularization before endovascular repair. Firstly, blunt aortic trauma is a life-threatening lesion and in that case patients need urgent endovascular repair. Secondly, blunt aortic lesions require a shorter endograft than a thoracic aortic aneurysm or dissection (mean endograft length (mm) was 112 ± 13 [100; 150]). In that case, the risk of paraplegia is low. Thirdly, we have never found any anatomical risk factor that exposes patients to the possibility of vital organ hypoperfusion. Our data showed that complete coverage of the LSA had little impact on the long-term outcome in patients presenting with aortic trauma treated by endograft. Similar to Antonello et al. [22] , patients with initial symptoms see their functional impact decrease gradually until it completely disappears so they can return to their activities without functional impairment. In our series, only 1 patient required a carotid-to-subclavian bypass a few months after stent graft repair. Klocker et al. [23] and McBride et al. [24] also studied ischaemic and functional outcomes on the left arm after coverage of the LSA without finding significant differences in terms of left arm perfusion or functional symptoms.
We have a conservative approach to type 1 endoleaks observed immediately after the procedure (Fig. 2) . Of the 5 patients with an endoleak, only 1 had a persistent endoleak, which was monitored by imaging. For the other 4 patients, the addition image was no longer visible on the control CT-scan (Fig. 3) . One hypothesis is that the addition image identified as an endoleak was a contrast agent that remained sequestered in the aneurysmal pocket and was excluded after deployment of the stent graft. Another hypothesis is related to the specific characteristics of the nitinol stent graft that may continue to expand after stent graft deployment, permanently closing secondary and minimal endoleaks.
We noted arterial hypertension in 7 patients after endograft through the follow-up. Surprisingly, this hypertension appeared shortly after stent graft repair and we did not find any aetiology of a secondary arterial hypertension (such as renal artery stenosis, surrenal pathology). Three of these patients were under 40 years of age and the probability of an undiagnosed hypertension is low. In fact, the impact of thoracic aortic endografts is unknown and we wondered whether there is a link between thoracic aortic endografts and systemic arterial hypertension. But we did not find any published data supporting this hypothesis. More results are needed to confirm whether or not there is a link between aortic stent grafts and hypertension.
Finally, we noted a significant increase of the aortic diameter in anatomical segment 2, which is precisely upstream to the prosthesis. If this augmentation is statistically significant, it is only 1.6 mm over a period of an average of 4 years. Within this context, we do not consider it to be clinically relevant but longer follow-up is needed.
Limitations of our study are the monocentric and retrospective characters of the cohort, and the small size of our sample. Of course, the number of patients lost to follow-up is a major bias, but the population with trauma is younger and less compliant to follow-up. Another team reported the same problem with follow-up, for example, Azizzadeh et al. [8] who showed that only 56% of patients were fully compliant to follow-up imaging. Kidane et al. [25] clearly showed a significant loss to follow-up in studies comparing treatments of traumatic aortic injuries. However, data collected from the remaining patients provide precious information about a rare pathology. These results are encouraging and highlight the necessity of carrying out multicentric studies for long-term periods as well as maintaining records to decrease the impact of these different biases.
CONCLUSION
Stent graft repair for traumatic injury of the descending thoracic aorta is a simple treatment, safe and quick for life-threatened patients. Long-term follow-up in our study has shown no major complications related to the stent, the aorta or to the intentional coverage of the LSA. Arterial hypertension was noted after stent graft repair in a few patients. The mechanism of this hypertension must be clarified by other more advanced studies. These good remote results along with good early results reinforce the validity of this therapeutic approach. 
